The unidirectional circulation of an enzyme round a working cycle can be understood in terms of the formation and decay of a soliton that acts as a ligand for the protein and for which the surrounding heat bath serves as a sink. An experimental confirmation of this interpretation is suggested in which the soliton is of the Davidqv type and is created by infrared photon absorption as in recent experiments on agetanilide.
Enzymes work in a cycle characterized by a certain turnover number. An understanding of this and the reason why all enzymes should be proteins is a major problem of biophysical chemistry. In simple cases in which the macromolecule is near equilibrium in the Onsager regime a possible answer that has been suggested lies in the concurrent effects of spontaneous fluctuations (1) . In more complex situations the problem has been answered in a formal and overall way by postulation of the allosteric model, in accordance with which the macromolecule exists in two or more ligand-linked conformational states (2) . This model, which has its roots in studies of reversible binding of gaseous ligands by respiratory proteins, notably hemoglobin, has been used with great success, though often somewhat uncritically and without any clear distinction between a steady state and true equilibrium, to explain the cooperativity and regulation shown by functioning enzymes, ignoring the fact that in many cases the system is operating far from equilibrium, in a region where the Onsager approximation no longer holds. In view of this, a "kinetic" variant of the allosteric model has been proposed, applicable to a working enzyme under steady-state conditions (3, 4) . This has been called the "Turning Wheel" and will be briefly reviewed in order to show how, in some cases at least, the unidirectional 'circulation of an enzyme round a closed path can be explained, physically, in terms of a soliton trapped in the protein matrix as a peculiar kind of ligand. The importance of such unidirectional circulation lies in the fact that it gives rise to what may be called kinetic linkage and the associated phenomenon of free energy transduction.
The Turning Wheel
Consider a macromolecule that exists in several different conformations and states of ligation. Suppose that it acts as an enzyme for one or more of its ligands. Suppose further that it is present in an environment in which its substrates and their products are maintained at constant concentrations (activities), in general not at equilibrium. The system will be described by a set of simultaneous first-order linear differential equations whose solution shows a unique asymptotically stable critical point. This means that no matter what the starting point the system will always settle down to a unique steady state. The approach to this steady state will be described by a set of relaxation times whose number is one less than the total number of forms. These are given by the roots of the secular equation constructed from the matrix formed by the coefficients of the various forms of the macromolecule in the original kinetic equations. At (3) .
If we introduce the hypothesis of one-step transitions the system can be represented by a t-dimensional cube, where 2' is the number of different forms of the macromolecule. Each corner-i.e., each 0-dimensional element of the cube-will correspond to one of the forms. The number of permitted transitions will be the same as the number of edges (onedimensional elements) of the cube, namely t2`-1. Each edge will involve two kinetic constants, one forward, one backward, which in general will be functions of the (constant) values of the activities of the various substrates and products. At equilibrium, when the product of the constants taken clockwise round any closed path [i.e., round the edges of the t!2'2/2(t-2)! two-dimensional faces of the cube] is equal to that taken counterclockwise, everything will be statistically at rest. In a steady state, on the other hand, there will be a "circulation" of the macromolecule round the elementary closed paths. This will occur when, owing to the fact that the concentrations of the substrates and their products are maintained by sources and sinks at nonequilibrium values, there is a flow of matter through the system with a corresponding release of free energy and heat. Under these conditions, through the mediation of the polyfunctional enzyme, we have the possibility of one reaction driving another-i.e., of free energy transduction-even when the two reactions share no common chemical element.
The simplest case, in which there is only one ligand and only two conformations, is represented by a square, as in Scheme 1.
(For a quantitative formulation of this case see ref.
3.) In this simple example we have postulated the presence of a single irreversible side reaction at one corner of the square, which corresponds to the liberation of a substrate L in the form of its product L'. It is the free energy liberated by this reaction that maintains the circulation.
Of course when the kinetic constants satisfy the condition of microscopic balance the steady state degenerates into true Abbreviation: DSO, Davidov soliton.
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equilibrium, but otherwise there will be a circulation round the square, or network, whose magnitude and direction are uniquely determined by the kinetic constants once the substrate and product concentrations are fixed by appropriate sources and sinks. And, anticipating what is to come, we note that an ideal sink for a vibrational energy soliton, regarded as a special type of ligand, is the surrounding heat bath.
Application of the Soliton Concept
Recently there has been much interest in solitary wave solutions of nonlinear field equations, and the term "soliton" has been introduced to refer to any solitary wave that propagates as a localized, mobile, and dynamically self-sufficient energy packet in a system. In contrast to high-energy phonons, which spontaneously decay into thermal phonons, a soliton is a stable entity that disappears only when triggered by some extra source of energy, in which case it decays into thermal phonons. The soliton concept has already been applied to condensed organic chemical systems and used to explain electron mobility in polyacetylene (5) as well as defect diffusion in polymers (6) .
Biochemical application of the soliton concept to proteins was proposed by Davidov (7, 8) , and by "Davidov soliton" (DSO) is usually meant an energy packet in which the vibrational energy of the amide portion of a peptide group in an ahelix (essentially C-O stretching) is coupled to longitudinal sound waves thanks to the nonlinearity of the hydrogen bond. Davidov has proposed that two DSOs can be produced in ATP hydrolysis of a functional protein, and Davidov-like soliton absorption has been recently observed (9) in the infrared spectrum of acetanilide, a simple model crystal composed of hydrogen-bonded peptide units quite similar to those present in an a-helix. So far, however, the question of how a DSO may be initiated in an a-helix has not been answered in detail, notwithstanding a recent mathematical approach to the problem (10, 11) . In spite of this, however, the soliton concept has been used to explain the transduction of energy from one site to another in enzymes consisting of long-chain proteins (8) , as well as to account for conformational changes at one site resulting from the binding of a figand at a distant site (12) .
Following current usage (13), we shall apply the term "soliton" to any "self-trapped" state, namely an energy packet trapped in slowly oscillating motion inside a portion of a protein matrix, with the possibility of storing energy without dissipation until it decays into heat as a result of a strong perturbation from some other portion of the same protein.
The question arises whether such a soliton may not provide the mechanism responsible for maintaining the constant unidirectional circulation of the Turning Wheel that gives rise to the kinetic linkage and the associated phenomenon of free energy transduction.
Consider the simple case illustrated in Scheme 2.
M, + L' + heat *-MLS M2LS M2 + L 1 11 SCHEME 2.
Assume that the life of the soliton, which depends on the state of the macromolecule, is very long in M2 and very short in M1. Imagine a soliton S to be formed as a result of the binding of substrate L by one form of the enzyme, i.e. at one corner of the cube, namely M2, and suppose it to find its way, undiminished, in the course of the circulation of the macromolecule, to another corner, MjL, where it is liquidated in connection with the formation and liberation of the enzymatic product L'. The difference between the original free energy of the soliton and that involved in the formation and detachment of the product will appear directly as heat. Thus the soliton would provide a physical mechanism for explaining the unidirectional circulation of the Turning Wheel, behaving as a ligand that can be fully absorbed by an ideal sink, the thermal bath, if not otherwise utilized. Before accepting this picture, however, it behooves us to consider the plausibility of the underlying assumption that, at least in a simple case, ligand binding can in fact give rise to the formation of a vibrational energy soliton that stays undiminished as long as the macromolecule remains in the same conformation.
A Specific Case
It is now a well-established fact that in many enzymes the negative phosphate moieties of a ligand bind at the NH2 terminus of a-helices. Since the suggestion by Hol et al. (14), an impressive list has been assembled by Johnsont of about 10 cases in which the ligand is a coenzyme such as NAD, NADH, NADPH, and pyridoxal phosphate and in which the ligand binding site has been well identified by x-ray diffraction. The reason for this has been already provided by Hol et al. (14), who called attention to the fact, pointed out by Wada (15) , that alignment of peptide dipoles parallel to the helix axis gives rise to a macrodipole of considerable strength. The resulting effect is such that a half unit of positive charge becomes located at the NH2 terminus of the helix. Hol et al. found that at a distance of 5 A from the NH2 terminus of an a-helix the strength of the field nearly saturates after about two turns of the a-helix. (The polarizable solvent reaction field was not taken into account in this calculation because usually such binding sites are clefts from which the solvent is excluded.) According to Hol et al., binding of one single negatively charged group at that end of the helix involves an attractive energy about 13 kcal mold (1 kcal = 4.18 kJ). This makes the total binding process possible even for a large ligand such as a coenzyme. Hol et al.
proposed that this dipole field could assist in the binding of substrates or coenzymes, and even in accelerating some reactions such as proton transfer from nearby side chains to the NH2 terminus of the helix. Here we propose that this dipole field can assist in the creation of a DSO in the a-helix in question. Since the creation of a DSO requires only about 4.7 cal motl-there is no energy problem in soliton formation in the coenzyme binding process. From the work of Scott (10) it is clear that in order to launch a DSO in the helix some well-defined threshold value must be attained in the exciton-phonon coupling parameter. In these calculations the soliton width measured in helical turns was assumed to be large enough to justify the continuum approximation. In the absence of numerical studies applicable to the real situation, let us speculate about the process of creation of a DSO in the transient compression of the total helix dipole when a strong electric field gradient is generated by the negative phosphate moiety of the coenzyme, which is about to be bound at the NH2 terminus of the helix. In the transient compression of the helix a variety of distances among the hydrogen-bonded peptide groups will be made available; and the hydrogen bond distance is known to be crucial for the energy of the amide I mode and for the hydrogen bond spring constant, both of which govern the conditions for DSO stability. In our opinion, it is likely that in this transient elastic wave a DSO can be created, localized near the NH2 terminus where the electric gradient is larger because the DSO itself carries a dipole moment.
Let us assume that the creation of a DSO can take place in the way proposed above, and now let us inquire about its fate in the specific case considered. Following the work of Skinner and Wolynes (6) on soliton defect diffusion in polymers, we may argue that the DSO will decay with a lifetime that is strongly dependent on its dynamic interaction with its surroundings and that is considerably longer than the time associated with thermal motions. In practice the soliton may be expected to decay when the protein matrix undergoes those major conformational changes that are associated with the catalytic events that take place at the active site. In this decay process 4.7 cal mol' will be made available locally as heat, and if the DSO is close to the NH2 terminus, it can be argued that this heat can help to break those hydrogen bonds that stabilize the correct positioning of the coenzymes in the cleft. As a result the coenzymes are destabilized and finally move back into the solvent, and the system is ready to repeat an identical cycle.
So far direct experimental evidence for such vibrationally excited solitons in proteins is lacking. Nevertheless, the recent finding that Davidov-like solitons can be created by infrared absorptions in acetanilide (9), a model system for hydrogen-bonded peptides, suggests that the process considered above, namely ligand binding at the NH2 terminus of an a-helix, should be sensitive to the presence of infrared-created solitons on the same protein moiety, provided these solitons at room temperature have a sufficiently long lifetime. This occurrence should be experimentally detected as a change in the overall turnover of the enzymatic reaction, because the infrared-created soliton should increase the concentration of this peculiar ligand. The strong infrared absorption by water will make this experiment impossible in an aqueous medium, but recently nearly dry proteins have been shown to be still enzymatically active (16) . In a sense this suggestion naturally follows from the original proposal of the Turning Wheel (3), in which a photon was considered as a candidate for driving the wheel if properly bound as a ligand with a definite decay time. However, the decay time of a photon is so short compared with the circulation period of the Turning Wheel that these two processes could hardly be coupled. If a photon can create a soliton, and if this soliton decays thanks to the energy-rich conformational changes occurring during the catalytic action, only then can soliton decay become triggered by the Turning Wheel itself and the soliton energy become liberated to cause the wheel to turn in one direction.
Conclusion
These considerations establish, in the absence of rigorous proof, at least the reasonableness of the picture of the vibrational soliton as the physical agent responsible for maintaining the unidirectional circulation of the Turning Wheel, which accounts for the kinetic linkage and free energy transduction characteristic of enzymes. The formation of such solitons of required lifetime as a result of substrate binding or infrared photon absorption results in turn from the properties of hydrogen-bonded polypeptide chains as present in a globular protein. Thus we have ih the soliton hypothesis a possible answer to the question raised at the start, namely why all enzymes should be proteins and why they should work in a cycle with a characteristic turnover number.
